INTRODUCTION
All the known species within the kingdom Crenarchaeota are obligate thermophiles with maximum growth temperatures ranging from 75 to 113 mC (Stetter, 1998) . Using 16S rRNA\DNA-based phylogenetic analysis, they can be divided into three major clusters that correspond to the orders Desulfurococcales, Sulfolobales and Thermoproteales (Ludwig & Klenk, 2001 ; Reysenbach, 2001) . At present, all rodshaped crenarchaeotes are included in the order Thermoproteales, represented by the families Thermo- proteaceae and Thermofilaceae (Burggraf et al., 1997) . They are strict or facultative anaerobes that metabolize sulfur and\or thiosulfate and are reported to be distributed widely in terrestrial hot springs and marine geothermal habitats (Huber & Stetter, 2001) . Until recently, only a few genera and species had been described in the order Thermoproteales (Bonch-Osmolovskaya et al., 1990 ; Huber et al., 1987 ; Vo$ lkl et al., 1993 ; Zillig et al., 1981 Zillig et al., , 1983 Zillig, 1989) . However, the recent discoveries of two new genera in the family Thermoproteaceae (Thermocladium and Caldivirga ; Itoh et al., 1998a Itoh et al., , 1999 and two novel Pyrobaculum species [Pyrobaculum arsenaticum (Huber et al., 2000) and Pyrobaculum oguniense (Sako et al., 2001) ], as well as the detection of several phylotypes related to members of the order Thermoproteales (Barns et al., 1994 (Barns et al., , 1996 Reysenbach et al., 2000 ; Takai & Horikoshi, 1999) , suggest that there may be a wider T. Itoh, K. Suzuki and T. Nakase diversity of rod-shaped crenarchaeotes in geothermal habitats. In the course of our exploration for novel thermophilic Archaea inhabiting terrestrial geothermal habitats, we have isolated a number of thermophilic organisms from hot springs in Japan and the Philippines. A preliminary grouping of the rod-shaped isolates by the ability to grow at 85 mC, DNA base composition and partial 16S rDNA sequences revealed the existence of another unassigned group belonging to the family Thermoproteaceae, in addition to groups corresponding to the genera Caldivirga, Thermocladium and Thermoproteus (T. Itoh, K. Suzuki, P. C. Sanchez and T. Nakase, unpublished). This paper describes the isolation and characterization of a novel group of organisms in the family Thermoproteaceae and proposes a new genus, Vulcanisaeta gen. nov., including two novel species, Vulcanisaeta distributa sp. nov. and Vulcanisaeta souniana sp. nov.
METHODS
Isolation procedure. Samples of hot-spring water, mud and soil were collected from several hot spring sites in Japan in 1993 and 1994 (Table 1) . The samples were transported in sterile plastic tubes without temperature control and were inoculated within 3 days of sampling into an enrichment medium described previously (Itoh et al., 1998a) at pH values ranging from 3n5 to 6n0. The cultures were incubated at 85 mC under N # at atmospheric pressure. After 1 week of cultivation, cultures yielding predominantly rod-shaped cells were purified by the serial dilution technique, as described previously (Itoh et al., 1998a) . Culture conditions. The isolates were routinely cultivated in the salt base solution of the Sulfolobus medium (Brock et al., 1972) , containing 0n5 g yeast extract l − ", 1n0 mg resazurin l − ", 0n5 g Na # S.9H # O l − " and 10n0 g sulfur l − ", pH 4n0-4n5 (adjusted at room temperature). N # was used as the gas phase at atmospheric pressure. Caldivirga maquilingensis JCM 10307 T was cultivated as a reference strain, as described previously (Itoh et al., 1999) .
Phenotypic and genetic studies. Morphology, growth characteristics, utilization of carbon sources, possible electron acceptors, antibiotic sensitivity, lipid composition, DNA base composition and DNA-DNA relatedness were determined as described previously (Itoh et al., 1998a) . Morphology, growth characteristics and utilization of carbon sources were studied using the medium described above. For electron microscopy, cells were placed on a collodioncoated grid, shadowed with platinum\palladium and examined with a transmission electron microscope (H-300 ; Hitachi). Possible electron acceptors were identified using a test medium (Itoh et al., 1998a) under a N # atmosphere. Growth was estimated by fluorescence intensities after treatment with NanoOrange dye (Molecular Probes) according to the supplier's protocol or direct counting using a Petroff-Hauser counting chamber (0n02 mm in depth). A good correlation between the two methods was obtained. 16S rDNA sequencing and phylogenetic analysis were conducted as reported previously (Itoh et al., 1999) . 16S rDNA was amplified with primers A-20F (5h-TCCGGTTG-ATCCTGCCG-3h, corresponding to positions 8-24 in the Escherichia coli numbering system) and A-1530R (5h-GGA-GGTGATCCAGCCG-3h, positions 1540-1525). Partial 16S rDNA sequences were determined with a sequencing primer A-690R (5h-GGATTTCRCCCCTAC-3h, positions 699-685). In addition, almost complete 16S rDNA sequences of five novel isolates and Pyrobaculum organotrophum JCM 9190 T were determined in this study. The 16S rDNA sequences were aligned first on the   program (Thompson et al., 1997) and edited manually with the aid of the SSU rRNA database (Van de Peer et al., 2000) . Evolutionary distances were calculated after gaps, ambiguous bases and unalignable regions had been eliminated. The phylogenetic tree was constructed by the neighbour-joining method (Saitou & Nei, 1987) and was evaluated by bootstrap sampling (Felsenstein, 1985) . Vulcanisaeta gen. nov., with two species 
RESULTS AND DISCUSSION

Isolation
The novel rod-shaped, hyperthermophilic strains were isolated from samples collected directly from solfataric fields or piped hot spring water (Sounzan), as shown in Table 1 . The samples yielded predominantly rodshaped cells under the enrichment conditions described in Methods, while coccoid cells were often the predominant organisms grown in enrichment cultures at lower pH values (2n0-2n5) or under air or a H # \CO # gas mixture (4 : 1, v\v ; 100 kPa). After isolation by serial dilution, the purity of the rod-shaped strains was confirmed by microscope observation of the cultures grown under various conditions (temperature range 55-100 mC ; pH range 2n2-6n9). Among the rod-shaped strains isolated, three strains were later identified as Thermoproteus spp. by DNA base composition and partial 16S rDNA sequences (data not shown). Following comparison of the partial 16S rDNA sequences of the remaining 17 strains (see Fig. 2a ), eight representative strains (IC-017 T , IC-029, IC-059 T , IC-064, IC-065, IC-124, IC-135 and IC-141) were selected for further characterization.
Morphology
Cells of the eight strains were rigid, straight or slightly curved rods. They were 0n4-0n6 µm in width and highly variable in length, mostly ranging from 3 to 7 µm. Cells longer than 20 µm were rarely observed. Branched cells (Fig. 1c) or cells with terminal spheres (resembling the ' golf clubs ' of Thermoproteus tenax ; Zillig et al., 1981) were commonly observed. Occasionally, the cells were arranged in a V-or X-shape (Fig.  1b) , and some strains (e.g. IC-029 and IC-135) formed cell aggregates 10-50 µm in diameter. Under the electron microscope, cells showed a single pilus or a few pili attached to the poles or at the sides, as shown in Fig. 1 . The pili were usually shorter than 7 µm, although long pili of 15-20 µm were occasionally observed. No motile cells were observed. Bursting of the cell envelope at the terminals was observed in some cells (Fig. 1a, c) .
Growth characteristics
The eight strains grew under stringent anaerobic conditions with N # , H # \CO # (4 : 1, v\v ; 100 kPa) or N # \CO # (4 : 1, v\v ; 100 kPa) as the gas phase. Unlike Thermocladium or Caldivirga strains (Itoh et al., 1998a (Itoh et al., , 1999 , they grew well even in the absence of a vitamin mixture or archaeal cell-extract solution in the medium. They did not grow in air. In a low-oxygen atmosphere (5 % air in N # ), there was initially no growth, but some strains were capable of growth after prolonged incubation (more than 2 weeks) accompanied by the reduction of the culture medium, as indicated by decolorization of resazurin. When three strains (IC-017 T , IC-059 T , IC-124) were cultured in medium in which sulfur was replaced by sodium thiosulfate (1n0 g l −" ), they showed weak growth in a low-oxygen atmosphere, but not in air. Growth temperature and pH ranges for growth are shown in Table  2 . When strains IC-017 T , IC-059 T and IC-124 were cultured in the presence of 10 mM trisodium citrate under optimal growth conditions (IC-017 T , 90 mC, pH 4n5 ; IC-059 T and IC-124, 85 mC, pH 4n5) with reciprocal shaking at 100 r.p.m., they grew with respective doubling times of 6n5, 4n7 and 5n5 h and the cultures at stationary phase contained approximately 4n2i10(, 5n3i10( and 5n6i10( cells ml −" . Hydrogen sulfide was detected in cultures of the three strains. The eight isolates showed no or negligible growth under autotrophic conditions of a H # \CO # (4 : 1, v\v ; 100 kPa) gas mixture. All strains except IC-059 T failed to grow in the presence of more than 1n0% (w\v) NaCl, while T. Itoh, K. Suzuki and T. Nakase strain IC-059 T grew in up to 1n25 % (w\v) NaCl (but not 1n5%).
Other phenotypic studies
Results of utilization of carbon sources and possible electron acceptors are listed in Table 2 . In antibiotic sensitivity testing, the eight strains were susceptible to erythromycin, novobiocin and rifampicin, while they were resistant to ampicillin, chloramphenicol, kanamycin, oleandomycin, streptomycin and vancomycin (all at 100 µg ml −" ). Lipid composition studies showed that strains IC-017 T , IC-059 T and IC-124 had tetraether core lipids. The core lipid fractions contained acyclic or various cyclized glycerol-bisphytanyl-glycerol tetraethers. A trace amount of diether core lipid was detected in strains IC-017 T and IC-059 T .
DNA base composition and DNA-DNA hybridization
The DNA GjC contents of the 17 strains, determined by the HPLC method of Tamaoka (1994) , ranged from 43n9 to 46n2 mol %. The values for IC-017 T and IC-059 T were respectively 45n4 and 44n9 mol %. The results of the DNA-DNA hybridization study are shown in relatedness to each other, suggesting that they belong to a single genus. Among the eight strains, strain IC-059 T showed lower levels of relatedness to all of the other strains ( 54 %), indicating that it represents a separate species. The remaining strains may be divided into three genetic groups when strains with more than 70 % similarity are grouped (group 1, strains IC-017 T , IC-029, IC-064 and IC-065 ; group 2, strain IC-124 ; group 3, strains IC-135 and IC-141). The DNA-DNA relatedness between genetic groups ranged from 41 to 68 %. Groups 1 and 2 shared low DNA-DNA relatedness (41-55 %), while strains in group 3 showed relatively high relatedness to some strains in groups 1 and 2 (for example, 61-68 % to IC-029, 63-68 % to IC-124). The eight strains showed low similarity values (5 %) to C. maquilingensis JCM 10307 T .
16S rDNA analysis
In order to examine the phylogenetic relationships among the isolates, the partial 16S rDNA sequences were determined (569-610 bp) and a phylogenetic tree was constructed by comparing 561 base positions (positions 64-666 in the E. coli numbering system). On the phylogenetic tree (Fig. 2a) , strains IC-059 T and IC-060, both isolates from Sounzan, are clearly separated from the remaining strains, with 2n5-3n6 % sequence difference (100 % bootstrap confidence). The remaining strains cluster with 98n2 % sequence similarity and can be divided into two subclusters, one including the isolates from Ohwakudani and Okushiobara and the other including the isolates from Fukenoyu, Ohnuma, Gosyokake and Tamagawa, with 0n9-1n8 % sequence difference between the two subclusters.
The phylogenetic positions of the isolates within the kingdom Crenarchaeota were deduced from comparison of almost entire 16S rDNA sequences of representative isolates (IC-017 T , IC-059 T , IC-065, IC-124 and IC-135) with known crenarchaeotes, including P. organotrophum. The sequences determined in this study were 1476 bp for IC-017 T , 1477 bp for IC-059 T , IC-124 and IC-135 and 1426 bp for P. organotrophum JCM 9190 T . The PCR-amplified fragment of strain IC-065 was about 2n2 kbp. Subsequent sequence analysis of the fragment showed that it consisted of 1476 nucleotides of the 16S rDNA exon (excluding the primer annealing regions) and a putative intron of 691 bp after position 1391 (E. coli numbering system). These 16S rDNA (exon) sequences were different from chimeric artefacts, according to the I program of the Ribosomal Database Project (Maidak et al., 1999) . Alignment of the 16S rDNA sequences showed that the sequences of all five isolates contained all of the small-subunit rRNA signature sequences that define the crenarchaeotes (Woese, 1993) , except for a base at position 1083 in strain IC-059 T (C instead of T found in other crenarchaeotes).
A phylogenetic tree constructed showed that the five isolates were incorporated in the family Thermoproteaceae (tree not shown). Next, a 16S rRNA\DNA phylogenetic tree was reconstructed with the five strains and known members of the family Thermoproteaceae, by comparing 1317 base positions (Fig. 2b) . The five isolates formed a distinct and shorter lineage with 100 % bootstrap confidence. The sequence similarities among the isolates were 98n8 %, while the values between the isolates and known species of the Thermoproteaceae ranged from 92n8 to 95n0%. On the phylogenetic tree, the isolates were affiliated with the Thermoproteus\Pyrobaculum clade as a sister group, although the bootstrap value was low (51 %).
Proposal of a new genus and two novel species
The 17 isolates are rigid rods, 0n4-0n6 µm in width, and often form terminal spheres (the ' golf club '). They are anaerobic, weakly acidophilic, heterotrophic and hyperthermophilic, growing optimally at 85-90 mC. They gain energy by reducing sulfur and possess cyclic and acyclic tetraether core lipids. In addition to these phenotypic properties, 16S rDNA sequence analysis demonstrates that they belong to the family Thermoproteaceae, which currently comprises four genera, Optimum (Sako et al., 2001) .
Thermoproteus (Bonch-Osmolovskaya et al., 1990 ; Zillig et al., 1981 ; Zillig, 1989) , Pyrobaculum (Huber et al., 1987 (Huber et al., , 2000 Sako et al., 2001 ; Vo$ lkl et al., 1993) , Thermocladium (Itoh et al., 1998a) and Caldivirga (Itoh et al., 1999) . The novel isolates, however, can be differentiated phenotypically from the four known genera, as shown in Table 4 . Moreover, 16S rDNAbased phylogenetic analysis supports the distinction of these isolates from the known genera of the Thermoproteaceae. Therefore, the novel isolates should be assigned to a new genus in the family Thermoproteaceae.
Among the isolates, the strains from Sounzan (strains IC-059 T and IC-060) were clearly separated from the other strains by the DNA-DNA hybridization study and 16S rDNA sequence comparison. The distinction of IC-059 T and IC-060 from the other isolates is further supported by the relatively lower growth temperature range (up to 89 mC) and slightly higher NaCl tolerance (up to 1n25 %) of the two strains (data not shown for IC-060). For the remaining strains, the DNA-DNA hybridization data implies the presence of three genetic groups, one for the isolates from Ohwakudani and Okushiobara (represented by strains IC-017 T , IC-029, IC-064 and IC-065), one for strains from Fukenoyu, Gosyokake and Ohnuma (represented by strain IC-124) and another for strains from Tamagawa (represented by strains IC-135 and IC-141). Such a relationship is partly illustrated in the phylogenetic tree based on the partial 16S rDNA sequences. Nevertheless, we have not found any phenotypic properties to distinguish these three groups properly. Strain IC-124 has a slightly lower growth temperature range than the others (maximum 92 mC) ; however, strains IC-136 and IC-140, which have partial 16S rDNA sequences identical to that of strain IC-124, grow at 95 mC (data not shown). There are several differences in the capacity to use carbon sources or electron acceptors, but these differences do not agree well with the grouping by DNA-DNA relatedness. Thus, all of the strains other than IC-059 T and IC-060 should be included in a single species at present, and further studies are required to evaluate whether or not they should be separated into species or subspecies.
On the basis of the comparison of the phenotypic and phylogenetic properties of the isolates described above, we propose a new genus, Vulcanisaeta gen. nov. and two novel species, Vulcanisaeta distributa sp. nov. and Vulcanisaeta souniana sp. nov.
There are several volcanic zones in Japan, with nearly 80 active volcanoes. Solfataric fields, which are normally sulfur-rich, acidic and heated areas, are formed by volcanic activities (Kristjansson & Stetter, 1993) . So far, we have successively isolated members of the genera Thermoproteus (Itoh et al., 1998b) and Thermocladium (Itoh et al., 1998a) from hot spring areas in east Japan. Moreover, several species of the genus Pyrobaculum have been newly isolated or detected from geothermal areas in Kyushu Island, Japan (Sako et al., 2001 ; Takai & Horikoshi, 1999) . Along with these genera in the family Thermoproteaceae, the new genus Vulcanisaeta may also be distributed widely in hot springs in Japan. As exemplified by the samples collected from Sounzan and Okushiobara, different genera of the family Thermoproteaceae may co-exist in one sampling site. Yet, each of the sampling sites yielded only one type of phylogenetically closely related strains of the genus Vulcanisaeta. Since all the strains were isolated in the same manner, geographical separation may have affected the diversification of the genus. Interestingly, the V. souniana strains were isolated from piped hot spring water, while the V. distributa strains were isolated from solfataric fields. The former is a rather artificial habitat, and changes in environmental factors (such as reduction of temperature or volatile chemical components) may have promoted the diversification. In spite of the fact that the genus Vulcanisaeta was the most common rodshaped crenarchaeote among our isolates from hot springs in Japan, it has not been isolated or detected from other countries. In contrast, the genera Thermoproteus and Pyrobaculum are distributed worldwide, including the Azores, Iceland, Indonesia, Italy, Japan, Vulcanisaeta distributa (dis.tri.buhta. L. fem. adj. distributa distributed, referring to the wide distribution of strains).
Grows anaerobically and tolerates low levels of oxygen (1 %) when sodium thiosulfate is supplemented as an electron acceptor. Heterotrophic. Growth occurs, at least, from 70 to 92 mC and between pH 3n5 and 5n6 when buffered with 10 mM trisodium citrate. Under optimal growth conditions, doubling time is 5n5-6n5 h. Growth occurs at low salinity ( 1n0 % NaCl). Utilizes proteinaceous substances such as yeast extract, peptone, beef extract, Casamino acids and gelatin, as well as maltose, starch and malate as carbon sources. Requires sulfur or thiosulfate as an electron acceptor. Archaeal cell extract or a vitamin mixture has little effect on growth. Produces sulfide during growth. DNA GjC content is 43n9-46n2 mol % (45n4 mol % for IC-017 T ). Three genetic groups may be present.
The type strain is IC-017 T (l JCM 11212 T l DSM 14429 T ), which was isolated from a hot spring in Ohwakudani, Kanagawa, Japan. Vulcanisaeta souniana (so.un.i.ahna. N.L. adj. souniana of Hojo Soun, a historical feudal lord after whom Sounzan, the place of isolation, was named).
Grows anaerobically and tolerates low levels of oxygen (1 %) when sodium thiosulfate is supplemented as an electron acceptor. Heterotrophic. Growth occurs from 65 to 89 mC and between pH 3n5 and 5n0 when buffered with 10 mM trisodium citrate. Under optimal growth conditions, doubling time is 4n7 h. Growth occurs at low salinity ( 1n25 % NaCl). Utilizes proteinaceous substances such as yeast extract, peptone, beef extract, Casamino acids and gelatin, as well as maltose, starch and malate as carbon sources. Requires sulfur or thiosulfate as an electron acceptor. Archaeal cell extract or a vitamin mixture has little effect on growth. Produces sulfide during growth. DNA GjC content is 44n9-45n4 mol % (44n9 mol % for IC-059 T ).
The type strain is IC-059 T (l JCM 11219 T l DSM 14430 T ), which was isolated from a hot spring in Sounzan, Kanagawa, Japan. Strain IC-060 is also included in this species.
